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Abstract 
Background: Fine-tuning production inputs such as seeding rate, nitrogen (N), and 
genotype may improve end-use quality of hard red winter wheat (Triticum aes-
tivium L.) when growing conditions are unpredictable. Studies were conducted at 
the Agronomy Research Farm (ARF; Lincoln, NE, USA) and the High Plains Agricul-
tural Laboratory (HPAL; Sidney, NE, USA) in 2014 and 2015 in Nebraska, USA, to 
determine the effects of genotype (6), environment (4), seeding rate (3), and flag 
leaf top-dressed N (0 and 34 kg N ha−1) on the end-use quality of winter wheat. 
Results: End-use quality traits were influenced by environment, genotype, seeding 
rate, top-dressed N, and their interactions. Mixograph parameters had a strong 
correlation with grain volume weight and flour yield. Doubling the recommended 
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seeding rate and N at the flag leaf stage increased grain protein content by 8.1% 
in 2014 and 1.5% in 2015 at ARF and 4.2% in 2014 and 8.4% in 2015 at HPAL. 
Conclusion: The key finding of this research is that increasing seeding rates up to 
double the current recommendations with N at the flag leaf stage improved most 
of the end-use quality traits. This will have a significant effect on the premium 
for protein a farmer could receive when marketing wheat.  
Keywords: grain protein, end-use quality traits, wheat marketing, dough rheology 
Introduction 
Wheat (Triticum aestivum L.) is an economically important cereal crop with 
unique functional proteins. It is a staple food for more than one-third of the 
world’s population and supplies nearly 20% of food calories.1 Hard red win-
ter wheat constitutes 40% of the total wheat production in the USA.2 Hard 
red winter wheat produced in the Great Plains of the USA is inherently vari-
able in quality characteristics both within and across crop years.3 One of the 
important agronomic management practices that affects end-use quality of 
wheat is seeding rate. Increased seeding rate was found to decrease mixing 
tolerance, and to increase flour yield and dough development time.4,5 Some 
studies, however, reported no effect of seeding rate on grain protein con-
tent,6 whereas others reported reduced4,5 or increased7 grain protein con-
tent with increase in seeding rate. Despite the inconsistencies in response 
to grain protein content, the fact that seeding rate can be easily manipu-
lated by producers8,9 and has shown a significant effect on end-use quality4 
makes it a factor of interest. 
Nitrogen (N) is one of the most essential nutrients for proper growth 
and grain quality of winter wheat.10 N application in wheat increases grain 
protein content.11,12 A positive linear relationship has been found between 
N application and wheat bread-making quality.13 The amount of grain pro-
tein is strongly influenced by the rate of N application,14 and increased N ap-
plication rate often results in increased grain protein content.15 For increas-
ing N fertilization recovery, it is important to apply N when N requirement 
is high for plants.16 N application at anthesis was found to be the most effi-
cient application time specifically when the intent was to increase grain pro-
tein content in wheat.17 
Milling quality is determined by grain volume weight and flour yield, 
whereas baking quality is related to grain protein content, Mixograph dough 
development time, mixing tolerance and water absorption.18 Grain protein 
content is an integral factor in determining bread-making quality.19 Use 
of modern genotypes and appropriate management practices have been 
shown to improve end-use quality,4,8 and previous research needs to be up-
dated as new genotypes and production systems are developed.  
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Understanding the response of genotype to key components of the pro-
duction system such as seeding rate and N is important across all produc-
tion environments. Although the effects of seeding rate and N application 
on agronomic performance of wheat have been studied previously, there is 
a lack of knowledge regarding the response of additional top-dressed N ap-
plication at the flag leaf stage and little information regarding the response 
of seeding rate on end-use quality of winter wheat. Therefore, the objective 
of this experiment was to determine the effects of genotype, environment, 
seeding rate, top-dressed N at the flag leaf stage and their interactions on 
the end-use quality of modern Nebraska winter wheat genotypes. 
Materials and Methods 
Grain sample production 
Field experiments were conducted under rainfed conditions in 2014 and 2015 
at the High Plains Agricultural Laboratory (HPAL) in Sidney, Nebraska (coor-
dinates: 41° 13′ 47″ N, 103° 0′ 4″ W), and the Agronomy Research Farm (ARF) 
in Lincoln, Nebraska (coordinates: 40° 51′ 15.077″ N, 96° 36′ 46.828″ W). 
The experimental design was a randomized complete block with a split 
factorial arrangement replicated four times. Two N treatments (0 and 34 
kg N ha−1 applied at the flag leaf stage, Feekes 9) were assigned to the 
whole plots (this treatment was in addition to the recommended N fer-
tilizer applied at planting with 56 kg N ha−1) and factorial combinations 
of three seeding rates (½, 1, and 2 times the recommended seeding rate 
for each site), and six genotypes were assigned to the split plots (1.8m × 
7.6m at HPAL and 1.5m × 6.1m at ARF). The recommended seeding rates 
were 186 seeds m−2 at HPAL and 252 seeds m−2 at ARF, corresponding to 
50 and 67 kg ha−1 as described in Bhatta et al.20 The genotypes were ‘Free-
man’, ‘Millennium’, ‘Overland’, ‘Pronghorn’, ‘Robidoux’ and ‘Settler CL’, as 
described in Poudel et al.21 Plot samples collected at harvest were used for 
end-use quality analysis. 
End-use quality analyses 
Grain protein content (g kg−1) and moisture content (g H2O kg−1) were de-
termined using a near-infrared reflectance analyzer (DA 7250, Perten In-
struments, Springfield, IL, USA) calibrated respectively to combustion anal-
ysis using a LECOFP528 (Approved Methods 46–30.1, AACC International 
2013)22 and gravimetric method (Approved Methods 44–19.01, AACC Inter-
national 2013).22 Grain volume weight (kg hL−1) was recovered from a special-
ized plot combine harvester (SPC-40, ALMACO, IA at ARF or Delta combine, 
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Wintersteiger, UT, USA, at HPAL), and it was reported in kg hL−1 after con-
verting from pounds per bushels of the harvested grain. 
Aliquots of grain portions (50 g) were taken from each plot and tem-
pered to a moisture basis of 152 g H2O kg−1 for 18–20 h before milling (Ap-
proved Methods 26–95.01 AACC International 2013).22 Tempered samples 
were milled in a Quadrumat Junior Mill (CWBranbender Instruments Inc., 
South Hackensack, NJ, USA). A standard shaker (Strand Shaker Co., Minne-
apolis, MN, USA) at 225 rpm for 90 s with the USA standard testing sieve No. 
70 with the opening size of 212 μm was used to separate flour from bran, 
and the flour was weighed (Approved Methods 26–21.02, AACC International 
2013).22 Flour yield was expressed as grams of flour per kilogram of grain. 
Flour protein content determined by near-infrared analyzer was calibrated to 
combustion analysis using a LECO FP528 (Approved Methods 46–30.1, AACC 
International 2013)22 and moisture content was calibrated to standard grav-
imetric method (Approved Methods 44–19.01, AACC International 2013).22 
To test the mixing properties of a resulting dough and estimate end-use 
quality, a 10 g flour sample (adjusted to 140 g H2O kg−1 moisture) was run in 
a Mixograph (National Manufacturing, Lincoln, NE, USA) (Approved Meth-
ods 54–40.02, AACC International 2013)22 for end-use quality analysis. Water 
absorption was determined using the regression equation provided in the 
method (water absorption percent=1.5 × protein at 140 g H2O kg−1 mois-
ture basis+43.6) (Approved Methods 54–40.02, AACC International 2013).22 
Mixograph mixing time was fixed to 8 min and data were analyzed using 
Mixsmart software (National Manufacturing). Midline peak time (dough de-
velopment time) was recorded as the time in minutes required for optimum 
development of dough. Midline peak value (dough strength) was calcu-
lated as the height of the curve at midline peak time and indicated dough 
strength. Midline curve tail area (resistance to dough extension) was the area 
under the midline curve to the end of the analysis (8 min) and showed re-
sistance to dough extension (%TQ × min, where TQ is torque). Mixing toler-
ance was scored using a scale from 0 to 7 based on the comparison against 
standard Mixograph curves in the Nebraska Wheat Quality Laboratory. The 
higher number denotes greater tolerance of dough to overmixing (Approved 
Methods 54–40.02, AACC International, 2013).22 
Data analysis 
Data were analyzed using SAS 9.4 software.23 A combined analysis was per-
formed to test the effects of environment, N, seeding rate, genotype and 
their interactions. Analysis of variance was calculated by using PROCMIXED 
considering each site–year as a separate environment. Environment, N, seed-
ing rate, genotype and their interactions were tested as fixed effects. Blocks 
were considered random. The LSMEAN statement was used for calculating 
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treatment means, and mean separation was done using Fisher’s protected 
LSD test at the 5% level of significance using the simulation option available 
in the LINES statement of PROC GLIMMIX. Pearson correlations between 
grain protein content, flour yield, grain volume weight and Mixograph pa-
rameters were computed on least squares means using PROC CORR. 
Results and Discussion 
Analysis of variance 
A combined analysis of variance identified significant effects of environ-
ment, genotype, N and seeding rate on end-use quality parameters (Table 
1). Significant four-way (environment × N × seeding rate × genotype) in-
teractions were observed for grain volume weight and dough development 
Table 1. Analysis of variance with mean squares for the selected end-use quality parameters of six genotypes grown 
at three seeding rates with two nitrogen (N) treatments in four environments in Nebraska 
  Grain   Grain  Resistance     
  protein  Flour  volume  to dough Dough  Dough  Mixing 
  content  yield  weight   extension   strength  development  tolerance 
Source of variance  d.f.   (g kg−1) (g kg−1)  (kg hL−1) (%TQ× min)  (% height) time (min)  (0–7) 
Environment (ENV)  3  1320  26939***  2404.1***  52851*  1714.4*  35.0***  15.5** 
Error a 12 731 1241.5 5.1 13072 303.9 2 2.1
Nitrogen (N) 1 3601** 11.5 19.4 17747** 447.3** 15.9** 6.8**
ENV × N 3 393 5154.9** 24.5* 539.1 19.5 0.8 0.3
Error b  12  233  694.2  4.6  1036.5  26.3  0.7  0.4 
Genotype (G)  5  913***  3729.2***  109.7***  13743***  294.2***  55.9***  5.9*** 
Seeding rate (SR)  2  1017***  3451.5***  60.3***  3992.7***  94.9***  7.1***  1.1** 
ENV × G 15 371*** 1488.6*** 61.5*** 1915.1*** 41.7*** 8.7*** 1.8***
N × G  5 58 374.9 1.4 1227.2* 22.3* 0.3 0.1
ENV × SR 6 149** 526 37.6*** 509.8 23.6* 1.6** 0.1
N × SR 2 168* 57.1 2.4 1733.8* 40.0* 1.0 0.2
G × SR 10 55 171.6 3.4 337.4 7.7 0.4 0.2
ENV × N × G  15 39 232.4 2.0 717.8* 17.3* 0.7* 0.4*
ENV × N × SR  6 84* 215.5 4.0* 280.8 4.8 0.9* 0.3
ENV × G × SR 30 20 418.6 2.8* 321.1 7.8 0.3 0.1
N × G × SR 10 42 328.4 2.3 167.3 3.4 1.0 0.3
ENV × N × G × SR  30 16 422.2 2.9* 173.7 4.8 0.4** 0.2
Error c 408 37 323.7 1.7 420.9 9.7 0.4 0.2
Asterisks indicate significance at the *0.05, **0.01, and ***0.001 probability levels, respectively. 
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time, but these interactions were small (Table 1) and will not be discussed 
further. Three-way interactions were observed for grain protein content (en-
vironment × N × seeding rate), grain volume weight (environment × seeding 
rate × genotype), resistance to dough extension (environment × N × geno-
type), dough strength (environment × N × genotype), dough development 
time (environment × N × seeding rate and environment × N × genotype) 
and mixing tolerance (environment × N × genotype). Two-way interactions 
were observed for grain protein content (environment × genotype), grain 
volume weight (environment × N), flour yield (environment × N), resistance 
to dough extension (N × seeding rate), and dough strength (N × seeding 
rate). The main effect was significant for mixing tolerance (seeding rate) (Ta-
ble 1). These results provide evidence that end-use quality traits are greatly 
influenced by environment, genotype, seeding rate and top-dressed N. 
Correlations for quality traits and grain yield 
The phenotypic correlations among the eight quality traits and grain yield 
are presented in Table 2. There was a significant correlation of grain protein 
content with grain volume weight (rp =−0.22), mixing tolerance (rp =−0.35), 
dough development time (rp =−0.37), dough strength (rp =0.30), resistance 
to dough extension (rp =0.37) and grain yield (rp =−0.64). This indicates that 
these parameters have some level of independence. The negative correla-
tion between grain protein and grain yield is consistent with previous stud-
ies in wheat.24 In contrast, the negative correlations between these traits are 
Table 2. Phenotypic (rp) correlations among selected end-use quality parameters and grain yield 
measured from six genotypes grown in four environments in Nebraska 
Traita GP FWT GVW MT DDT DS RDE GY
GP – 0.04 −0.22*** −0.35*** −0.37*** 0.30*** 0.37*** −0.64***
FWT  – 0.79*** −0.91*** −0.89*** 0.88*** 0.95*** 0.10
GVW   – −0.74*** −0.74*** 0.85*** 0.84*** 0.58***
MT    – 0.99*** −0.79*** −0.88*** 0.17
DDT     – −0.80*** −0.88*** 0.24
DS      – 0.97*** −0.16
RDE       – −0.13
GY        – 
Asterisks indicate significance at the *0.05, **0.01, and ***0.001 probability levels, respectively. 
a. Trait: GP, grain protein content (g kg−1); FWT, flour yield (g kg−1); GVT, grain volume weight (kg 
hL−1); MT, mixing tolerance (0–7); DDT, dough development time (min); DS, dough strength (%); 
RDE, resistance to dough extension (%TQ× min, where TQ is torque); GY, grain yield (Mg ha−1). 
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inconsistent with previous studies in wheat,24 and this may be due to inclu-
sion of different genotypes grown in different environments. Negative cor-
relation of grain protein content with grain volume weight,25 dough devel-
opment time24 and mixing tolerance24 were observed in past research. In 
contrast, another study found a positive relationship between grain protein 
content and mixing tolerance,5 which may have been due to genotypic dif-
ferences. All of the low but significant correlations of grain protein content 
with other quality traits indicate that no single trait was a predictive indica-
tor of end-use quality, and they imply that end-use quality in wheat is de-
fined by a combination of traits. 
Flour yield was not correlated with grain protein content, but was pos-
itively correlated with grain volume weight, resistance to dough extension 
and dough strength, and negatively correlated with mixing tolerance and 
dough development time. Although flour yield was not significantly cor-
related with protein, flour yield was found to be an important quality trait 
since it was correlated with other quality traits studied (Table 2). The signif-
icant positive correlation between flour yield and grain volume weight was 
consistent with a previous study.25 Grain volume weight was positively cor-
related with resistance to dough extension, dough strength and grain yield, 
and negatively correlated with grain protein content, dough development 
time and mixing tolerance. Grain volume weight and flour yield was posi-
tively correlated with grain yield, and improvement of one trait could result 
in improvement of another. Therefore, these traits should be considered in 
breeding programs. Milling quality is determined by grain volume weight 
and flour yield,18 and these traits were highly correlated with Mixograph 
parameters (mixing properties), indicating that Mixograph parameters are 
also important traits that measure end-use quality of wheat. Mixing toler-
ance and dough development time were highly positively correlated with 
each other and negatively correlated with dough strength and resistance to 
dough extension. Resistance to dough extension and dough strength were 
highly positively correlated with each other. Pearson correlation coefficients 
among dough development time, dough strength and resistance to dough 
extension (Table 2) were similar to previous studies.26 
Grain protein content 
Grain protein content was significantly influenced by environment, N, seed-
ing rate, genotype, environment × genotype, and environment × N × seed-
ing rate (Table 1). Grain protein content ranged from121 to 139 g kg−1 across 
the four environments averaged over genotype (Fig. 1). 
A significant environment × genotype interaction was observed for grain 
protein content (Table 1). For the genotype Robidoux, grain protein content 
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varied considerably in one environment (ARF15), whereas Freeman, Millen-
nium, Overland, Pronghorn and Settler CL were found to have similar grain 
protein content across environments (Table 3). This showed that the grain 
protein content of five genotypes (Freeman, Millennium, Overland and Set-
tler CL) were consistent across environments, and genotype Robidoux mainly 
contributed to the significant interaction between environment and geno-
type on grain protein content (Table 3). 
Significant environment × N × seeding rate interactions were observed 
for grain protein content (Table 1). In general, grain protein content in-
creased due to N top dressing at the flag leaf stage for all seeding rate and 
environments, except for half seeding rate at ARF14 (Fig. 1). The increase in 
grain protein content due to N could be explained by N availability to the 
plant at the critical stage of grain formation. In Idaho, grain protein content 
linearly increased with the application of N fertilizer.15 Grain protein con-
tent decreased with increasing seeding rate (Fig. 1) in two environments 
(ARF14 and HPAL14) irrespective of N treatment. This was likely due to the 
effect of competition at the higher plant densities4,5 and higher grain yields 
obtained at higher seeding rates.25 However, at ARF15 and HPAL15, an in-
crease in seeding rate did not increase grain protein content regardless of 
N treatment. This result could be due to higher rainfall in 2015 especially 
Figure 1. Mean grain protein content from interactions among four environments, two nitrogen treatments (0 and 
34 kg N ha-1), and three seeding rates averaged over six genotypes in Nebraska. Seeding rate: half: 93 seeds m−2 and 
126 seeds m−2; regular/recommended: 186 seeds m−2 and 252 seeds m−2; twice: 372 seeds m−2 and 504 seeds m−2, 
respectively at HPAL (High Plains Agricultural Laboratory, Sidney, NE, USA) and at ARF (Agronomy Research Farm, 
Lincoln, NE, USA) in 2014 and 2015. Nitrogen rates: N0: 0 kg N ha−1 and N1: 34 kg N ha−1.   
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from flowering to grain filling at both sites.20 The result also showed that top-
dressed N and twice seeding rate had higher grain protein content com-
pared to no N and twice seeding rate in all environments, although a sig-
nificant increase was observed in two environments (ARF14 and HPAL15) 
(Fig. 1). For instance, doubling the recommended seeding rate and N top 
dressing at the flag leaf stage increased grain protein by 8.1% at ARF14, 
1.5% at ARF15, 4.2% at HPAL14 and 8.4% at HPAL15. Thus grain protein 
content may be improved from the application of top-dressed N at the flag 
leaf stage of wheat planted at a higher seeding rate (Fig. 1) without sacri-
ficing grain yield.20 
Flour yield 
Flour yield was significantly affected by environment, genotype, seeding rate, 
environment × N, and environment × genotype (Table 1). 
No significant interaction of seeding rate with genotype or N or en-
vironment was observed (Table 1). Therefore, the main effect of seeding 
rate was explained further. Increasing seeding rate from half to the recom-
mended seeding rate resulted in increased flour yield (661.9–667.9 g kg−1), 
but no significant change (667.9–670.1 g kg−1) when the seeding rate was 
increased further. This result was similar to previous findings,4,5 which found 
increased flour yield with increased seeding rate up to 65 kg ha−1 (245 seeds 
m−2), i.e. recommended seeding for eastern Nebraska. However, one study 
found contrary results, where no significant effect of seeding rate on flour 
Table 3. Grain protein content and flour yield environment × genotype interaction means of winter wheat in Nebraska 
Trait 
 Environmenta Freeman Millennium Overland Pronghorn Robidoux Settler CL 
Grain protein ARF14 124.6b 131.3b 130.7b 128.8b 127.0b 130.2b 
 HPAL14 128.9b 134.5b 131.7b 136.4ab 128.2b 134.4b 
 ARF15 126.8b 136.2ab 134.2b 134.2b 148.6a 136.6ab 
 HPAL15 124.4b 129.8b 131.1b 133.9b 134.3b 135.8ab 
Flour yield ARF14 652.2 g–i 652.7g–i 658.2f–i 644.6i 649.1hi 661.2e–i 
 HPAL14 655.1 g–i 658.4e–i 656.0f–i 653.5g–i 656.1f–i 661.8d–i 
 ARF15 667.2c–i 697.0ab 699.4a 669.9c–h 664.9c–i 665.1c–i 
 HPAL15 674.7b–g 686.7a–c 684.7a–d 672.7c–g 678.2a–f 680.1a–e 
a. Environment: ARF, Agronomy Research Farm, Lincoln, NE, USA; HPAL, High Plains Agricultural Laboratory, Sidney, NE, 
USA, in 2014 and 2015. 
Means followed by the same letter in a given column or row for a trait are not significantly different at P <0.05 according 
to Fisher’s LSD test. 
Nitrogen rates: N0, 0 kg N ha−1; N1, 34 kg N ha−1. 
Note: g–i, g through i in a sequence of ghi, and similarly for others. 
Bhatta  et  al .  in  J  Sc i  Food Agr ic  97  (2017 )       10
yield of spring wheat was observed,27 and this may have been due to inclu-
sion of different genotypes under study. 
A significant environment × genotype interaction for flour yield was 
observed (Table 1). This interaction was observed mainly due to change in 
magnitude of genotypes across the environments as well as a significant in-
crease in four yield for Overland at ARF15 (Table 3). For instance, Overland 
and Millennium had lower flour yield at ARF14 and HPAL15 but higher flour 
yield at ARF15 and HPAL15. 
A significant environment × N interaction was observed for flour yield 
(Table 1). This interaction was observed due to change in magnitude across 
the environments as well as increased flour yield due to top-dressed N ap-
plication in one environment (HPAL14) (Table 4). In three environments 
(ARF14, ARF15 and HPAL15) there was no effect of top-dressed N on flour 
yield. The result of no influence of N application on flour yield was consis-
tent with previous findings.27 
Grain volume weight 
Grain volume weight was influenced by environment, genotype, environ-
ment × genotype, environment × N, environment × seeding rate, envi-
ronment × N × seeding rate, and environment × genotype × seeding rate 
(Table 1). Significant environment × N × seeding rate interactions were ob-
served for grain volume weight, although such interactions were small (Ta-
ble 1) and, therefore, this will not be explained further. A significant environ-
ment × N interaction was observed for grain volume weight (Table 1) mainly 
due to the change in magnitude across the environments (Table 4). No sig-
nificant effect of top-dressed N was observed on grain volume weight in 
Table 4. Flour yield and grain volume weight from environment × nitrogen interaction 
means of winter wheat in Nebraska 
                                             Flour yield                                 Grain volume weight 
Environmenta  N0b  N1  N0  N1 
ARF14  654.1 cd  651.9 cd  79.3a  79.7a 
HPAL14  648.4d  665.3bc  75.6b  75.6b 
ARF15  679.8ab  674.7ab  74.6cb  72.8c 
HPAL15  684.8a  674.2ab  76.5b  76.3b 
a. ARF, Agronomy Research Farm, Lincoln, NE, USA; HPAL, High Plains Agricultural Laboratory, 
Sidney, NE, USA, in 2014 and 2015. 
b. Nitrogen rates: N0, 0 kg N ha−1; N1, 34 kg N ha−1. Means followed by the same letter in 
a given column or row for a trait are not significantly different at P <0.05 according to 
Fisher’s LSD test. effect of seeding rate was explained further. Increasing seeding
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all environments (Table 4). This result was in contrast to some studies that 
found a decrease in grain volume weight with increased application of N.11,12 
The reason behind this contradictory result could be the inclusion of rela-
tively different genotypes under study, time and type of N applied as well 
as environmental variation. 
Significant environment × seeding rate × genotype interactions were 
observed for grain volume weight (Table 1) mainly due to change in magni-
tude across environments (Table 5). All genotypes across environments had 
no significant improvement in the grain volume weight due to seeding rate, 
except for Pronghorn, Robidoux and Settler CL at ARF15 (Table 5). Prong-
horn, Robidoux and Settler CL had increased grain volume weight with in-
crease in seeding rate from half to twice the recommended rate at ARF15. 
Table 5. Grain volume weight from environment × seeding rate × genotype interaction 
means of winter wheat in Nebraska 
                                                                                                  Environment 
Genotype  Seeding ratea  ARF14  ARF15  HPAL14  HPAL15 
Freeman  Half  76.8a–l‡  74.0kl  75.9d–l  76.8a–l 
 Recommended  78a–k  75.4e–l  75.1 h–l  76.3b–l 
 Twice  78.3a–k  75.7d–l  75.2e–l  77a–l 
Millennium  Half  79.9a–f  77.2a–l  76.1b–l  76.6b–l 
 Recommended  79.9a–g  79.4a–i  76.2b–l  77.3a–l 
 Twice  80.3a–d  80.0a–f  76c–l  75.6d–l 
Overland  Half  78.9a–j  74.4j–l  75.4e–l  77.7a–l 
 Recommended  79.7a–h  78.8a–j  75.3e–l  76.6b–l 
 Twice  79.4a–i  78.9a–j  75.3e–l  75.6d–l 
Pronghorn  Half  80.0a–e  64.8o  75.8d–l  76.4b–l 
 Recommended  80.7a–c  74.2j–l  76.3b–l  76.6b–l 
 Twice  81.6a  75.5d–l  74.8i–l  76.7a–l 
Robidoux  Half  77.2a–l  58.0p  75.9c–l  75.6d–l 
 Recommended  79.0a–j  69.4 nm  75.2e–l  76.7b–l 
 Twice  79.3a–i  72.9 lm  75.1 g–l  75.8d–l 
Settler CL  Half  80.3a–d  67.9no  75.8d–l  75.4e–l 
 Recommended  80.9ab  75.0 h–l  75.5d–l  76.6b–l 
 Twice  80.9ab  75.8d–l  75.6d–l  75.7d–l 
a. Seeding rate: half, 93 and 126 seeds m−2; recommended, 186 seeds and 252 seeds m−2; 
twice, 372 and 504 seeds m−2, respectively, at HPAL (High Plains Agricultural Laboratory, 
Sidney, NE, USA) and ARF (Agronomy Research Farm, Lincoln, NE, USA) in 2014 and 2015. 
Means followed by the same letter in a given column or row are not significantly different at 
P <0.05 according to Fisher’s LSD test. 
Note: a–l, a through l in a sequence of abcdfghijkl, and similarly for others.
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Settler CL had increased grain volume weight with increased seeding rate 
up to the recommended seeding rate, but with no increase between the rec-
ommended and twice the recommended rate at ARF15. This result was sim-
ilar to previous findings where grain volume weight increased with increase 
in seeding rate from 65 kg ha−1 (245 seeds m−2) to 130 kg ha−1 (489 seeds 
m−2).4 The increase in grain volume weight may be due to production of a 
lower number of harvestable tillers and larger grains, produced by early til-
lers, at higher seeding rate.4 
Mixograph parameters 
No significant interactions were detected between seeding rate and geno-
type for the selected Mixograph parameters (Table 1), indicating that sim-
ilar performance of genotypes was obtained for all Mixograph parameters 
with change in seeding rate. These results were similar to previous results.4,5 
Resistance to dough extension 
Resistance to dough extension was significantly affected by environment, N, 
seeding rate, genotype, environment × genotype, N × genotype, N × seed-
ing rate, and environment × N × genotype (Table 1). 
A significant N × seeding rate interaction was observed for resistance 
to dough extension (Table 1), mainly due to increase in resistance to dough 
extension from twice seeding rate and no N application (Table 6). N appli-
cation at the flag leaf stage slightly increased resistance to dough exten-
sion for half and recommended seeding rate, whereas a significant increase 
was observed at twice the recommended seeding rate compared to no N 
application (Table 6). 
Table 6. Resistance to dough extension and dough strength from nitrogen × seeding rate 
interaction means of winter wheat in Nebraska 
                                    Resistance to dough extension                   Dough strength 
Seeding ratea  N0b  N1  N0  N1 
Half  337.6ab  345.0a  47.5ab  48.7a 
Recommended  330.6bc  338.5ab  46.5bc  47.8ab 
Twice  323.6c  341.6a  45.4c  48.2a 
a. Seeding rate: half, 93 and 126 seeds m−2; recommended, 186 seeds and 252 seeds m−2; 
twice, 372 seeds and 504 seeds m−2, respectively, at HPAL (High Plains Agricultural 
Laboratory, Sidney, NE, USA) and ARF (Agronomy Research Farm, Lincoln, NE, USA). 
b. Nitrogen rates: N0, 0 kg N ha−1; N1, 34 kg N ha−1. Means followed by the same letter in 
a given column or row for a trait. 
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Significant interactions of environment × N × genotype were observed 
for resistance to dough extension (Table 1), mainly due to change in magni-
tude of genotype across environments with the application of N (Table 7). N 
application slightly increased resistance to dough extension for all genotypes 
in all environments, except for Overland at HPAL14 and ARF15, and Prong-
horn at ARF15 (Table 7). Resistance to dough extension significantly varied 
with environment, ranging from320 (ARF14) to 364 %TQ× min (HPAL14) on 
average (Table 7), with higher values indicating higher resistance to exten-
sion of dough. Resistance to dough extension was higher at HPAL14 com-
pared to other environments (Table 7). 
Dough strength 
Dough strength was significantly affected by environment, N, seeding rate, 
genotype, environment × genotype, environment × seeding rate, N × gen-
otype, N × seeding rate, and environment × N × genotype (Table 1). 
Table 7. Resistance to dough extension, dough strength, dough development time and mixing tolerance from environment × 
nitrogen × genotype interaction means of winter wheat in Nebraska. 
                                     Freeman                  Millennium               Overland                Pronghorn                Robidoux                  Settler CL 
Trait Environment N0a N1 N0 N1 N0 N1 N0 N1 N0 N1 N0 N1 
RDE ARF14 286.6i 295.9g–i 330.2a–i 348.9a–i 342.1a–i 351.0a–i 308.1d–i 325.0a–i 298.5f–i 311.6c–i 314.7a–i 331.9a–i 
 HPAL14 340.6a–i 359.2a–g 374.0a–c 376.1ab 377.8a 372.6a–c 356.6a–i 368.9a–d 348.9a–i 360.8a–f 363.0a–e 363.4a–e 
 ARF15 301.2e–i 342.5a–i 333.2a–i 349.1a–i 341.4a–i 327.8a–i 305.9d–i 294.6hi 316.2a–i 333.5a–i 331.0a–i 335.6a–i 
 HPAL15 312.4b–i 333.6a–i 332.4a–i 346.9a–i 338.0a–i 349.7a–i 320.3a–i 343.7a–i 325.7a–i 331.0a–i 335.0a–i 347.1a–i 
DS ARF14 40.9f 42.2d–f 46.4a–f 49.3a–f 48.1a–f 49.9a–f 45.1a–f 47.5a–f 42.0e–f 44.0c–f 45.4a–f 48.4a–f 
 HPAL14 49.0a–f 51.7a–e 53.6a–c 53.8ab 54.7a 54.0ab 51.8a–d 53.8a–c 49.3a–f 51.5a–e 52.8a–c 53.1a–c 
 ARF15 41.1f 47.1a–f 45.9a–f 48.1a–f 47.0a–f 45.1a–f 42.2d–f 40.2f 43.0d–f 45.3a–f 46.1a–f 46.5a–f 
 HPAL15 43.0d–f 46.2a–f 45.6a–f 48.0a–f 46.3a–f 48.9a–f 44.3d–f 48.1a–f 44.4b–f 46.1a–f 47.3a–f 48.7a–f 
DDT ARF14 6.9a 6.8a 3.9i–r 3.7l–r 3.1p–r 3.0r 6.0a–d 5.5c–f 6.6ab 6.4a–c 5.6b–e 5.3c–h 
 HPAL14 5.0d–l 4.4f–n 4.2g–q 3.9i–r 3.4m–r 3.2p–r 4.7e–l 4.5e–l 4.4f–n 4.3f–p 5.1d–i 5.0d–k 
 ARF15 5.3c–h 4.4f–n 4.5e–l 3.8j–r 3.3n–r 3.7m–r 5.5b–f 5.1d–i 4.5e–l 3.6m–r 5.2 4.4f–n 
 HPAL15 5.0d–k 4.5e–l 3.8j–r 3.9i–r 3.6m–r 3.0r 4.0i–r 3.9i–r 4.6e–l 4.5e–l 4.4f–n 4.1h–n 
MT ARF14 5.9a 5.7a–c 4.4f–l 4.2g–m 3.8j–m 3.7k–m 5.6a–e 5.4a–f 5.7a–d 5.8ab 5.4a–f 5.2a–g 
 HPAL14 5.1a–h 4.8b–j 4.4f–l 4.1h–l 3.8k–m 3.6lm 4.9a–i 4.9a–i 4.9a–i 4.7d–k 5.1a–h 5.1a–h 
 ARF15 5.1a–h 4.5f–l 4.3g–l 4.2g–m 3.8k–m 3.8k–m 5.1a–h 4.6d–k 4.7d–k 3.9i–m 4.6d–k 4.5f–l 
 HPAL15 4.8b–j 4.5f–l 4.2g–m 4.0i–m 4.1h–l 3.2m 4.3g–l 4.3g–l 4.8b–j 4.6d–k 4.5f–l 4.4f–l 
a. Nitrogen rates: N0, 0 kg N ha−1; N1, 34 kg N ha−1 at HPAL (High Plains Agricultural Laboratory, Sidney, NE, USA) and ARF (Agronomy Research 
Farm, Lincoln, NE, USA) in 2014 and 2015. 
RDE, resistance to dough extension (%TQ× min, where TQ is torque); DS, dough strength (%); DDT, dough development time (min); MT, mixing 
tolerance (0–7). 
Means followed by the same letter in a given column or row for a trait are not significantly different at P <0.05 according to Fisher’s LSD test. 
Note: a–i, a through i in a sequence of abcdefghi, and similarly for others.
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A significant N × seeding rate interaction was observed for dough 
strength (Table 1), mainly due to increase in dough strength from twice 
seeding rate when no N applied (Table 6). N application at the flag leaf 
slightly increased dough strength for half and recommended seeding rate, 
whereas a significant increase was observed at twice the recommended 
seeding rate (Table 6) compared to no N applied. These results were sim-
ilar to previous results,15 where increased dough strength due to N appli-
cation was found. 
Significant environment × N × genotype interactions were observed for 
dough strength (Table 1), mainly due to change in magnitude of genotype 
across environments with the application of N (Table 7). Dough strength was 
higher at HPAL14 compared to other environments. N application slightly 
increased dough resistance for all genotypes in all environments, except for 
Overland at HPAL14 and ARF15, and Pronghorn at ARF15 (Table 7). 
Dough development time 
Dough development time was significantly affected by environment, N, 
seeding rate, genotype, environment × genotype, environment × seeding 
rate, environment × N × genotype, and environment × N × seeding rate 
(Table 1). 
Significant environment × N × genotype interactions were observed for 
dough development time (Table 1), mainly due to change in magnitude of 
genotype due to different N treatments across environments (Table 7). No 
significant improvement was observed in dough development time due to N 
in all environment (Table 7). Dough development time was higher for Free-
man (4.4–6.9 min), Pronghorn (3.9–5.7 min), Robidoux (4.1–6.5 min) and Set-
tler CL (4.2–5.5 min) compared to Overland (3–3.5min) and Millennium (3.8–
4.2 min) in all environments and N treatments (Table 7). 
Significant environment × N × seeding rate interactions were observed 
for dough development time (Table 1), mainly due to decrease in dough de-
velopment time with increase in seeding rate in two environments (ARF14 
and ARF15) when no N was applied and also due to change in magnitude 
across environments (Table 8). Dough development time was not signifi-
cantly decreased with the change in N application rate and seeding rate in 
three environments, except for ARF15 (Table 8). The result of no significant 
increase in dough development time with increase in seeding rate was con-
trary to previous research.4,5 This contradictory result may be due to the in-
clusion of different genotypes across different environments. 
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Mixing tolerance 
Mixing tolerance was significantly affected by environment, N, seeding rate, 
genotype, environment × genotype, environment × N, and environment × 
N × genotype (Table 1). 
No significant environment × seeding rate was observed for mixing tol-
erance, implying that response of seeding rate was similar across environ-
ments. Mixing tolerance increased with increasing seeding rates from half 
(4.5 min) to twice (4.7 min) the recommended seeding rates. This result was 
contradictory to previous research, where mixing tolerance increased with 
decreased seeding rates from 130 kg ha−1 (489 seeds m−2) to 65 kg ha−1 (245 
seeds m−2).4,5 
Significant environment × N × genotype interactions were observed for 
mixing tolerance (Table 1), mainly due to change in rank and magnitude of 
genotype across and within environments (Table 7). No significant decrease 
was observed on mixing tolerance due to N in all environment (Table 7). Mix-
ing tolerance was higher for Freeman (4.7–5.8), Pronghorn (4.3–5.5), Robi-
doux (4.3–5.7) and Settler CL (4.5–5.3) compared to Overland (3.6–3.8) and 
Millennium (4.1–4.3) in all environments and N treatments (Table 7). 
Although grain protein content, flour yield, grain volume weight and 
Mixograph parameters varied with environments, all genotypes under study 
have preferred end-use quality. According to Baenziger et al.,28 preferred 
end-use quality of wheat has grain protein content ≥120 g kg−1, dough de-
velopment time ≥3 min and mixing tolerance ≥3. Therefore, all genotypes 
Table 8. Dough development time from environment × nitrogen × seeding rate interaction 
means of winter wheat in Nebraska. 
                  Environment 
Seeding ratea                            ARF14                   HPAL14                 ARF15                   HPAL15 
 N0b N1 N0 N1 N0 N1 N0 N1
Half 5.0b–e 4.8b–f 4.3e–g 4.3e–g 4.3e–g 4.0fg 4.4e–g 3.7g
Recommended 5.3ab 5.2a–d 4.5b–g 4.2e–g 4.6b–g 4.2e–g 3.9fg 4.0fg
Twice 5.7a 5.3ab 4.5bg 4.1e–g 5.3ab 4.4e–g 4.4e–g 4.1e–g
a Seeding rate: half, 93 and 126 seeds m−2; recommended, 186 and 252 seeds m−2; twice, 372 
and 504 seeds m−2, respectively, at HPAL (High Plains Agricultural Laboratory, Sidney, NE) 
and ARF (Agronomy Research Farm, Lincoln, NE) in 2014 and 2015. 
b Nitrogen rates: N0, 0 kg N ha−1; N1, 34 kg N ha−1. 
Means followed by the same letter in a given column or row are not significantly different at 
P <0.05 according to Fisher’s LSD test. 
Note: b–e, b through e in a sequence of bcde, and similarly for others.
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grown at twice the recommended seeding rate and top-dressed N at the 
flag leaf stage meet the criteria of better end-use quality without sacrificing 
the highest grain yield obtained.20 
Conclusions 
In this study, end-use quality traits were influenced by genotype, environ-
ment, seeding rate and top-dressed N at the flag leaf stage, and their inter-
actions. Significant genotype × environment interaction was observed for 
all traits under study. Therefore, the choice of production environment and 
genotype are critical in optimizing the end-use quality of wheat. 
Although grain protein content was correlated with other traits, no sin-
gle trait was effectively a predictor of end-use quality, and combinations of 
traits are required to estimate end-use quality. Mixograph parameters had 
a strong correlation with grain volume weight and flour yield. This indi-
cates that selection of Mixograph parameters should be effective for better 
end-use quality and improved grain yield. This result suggested that plant 
breeders could focus on improving Mixograph parameters for better end-
use quality of wheat. 
The key finding of this research is that increasing seeding rates up to 
double the current recommendations with supplemental top-dressed N at 
the flag leaf stage improved most of the end-use quality traits of hard red 
winter wheat without sacrificing grain yield20 for the location tested in Ne-
braska. Even though increased seeding rate decreased grain protein content, 
the drop-in protein content was compensated for by the application of N 
at the flag leaf stage. This will have a significant effect on the premium for 
protein a farmer could receive when marketing wheat. All genotypes grown 
at twice the recommended seeding rate and top-dressed N at the flag leaf 
stage meet the criteria of better end-use quality.  
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